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ABSTRACT 

This  report  covers  in  detail  the  solid  state  research  work  of  the  Solid 
State  Division  at  Lincoln  Laboratory  for  the  period  I  August  through 
31  October  1983.  The  topics  covered  are  Solid  State  Device  Research, 
Quantum  Electronics,  Materials  Research,  Microelectronics,  and 
Analog  Device  Technology.  Funding  is  primarily  provided  by  the  Air 
Force,  with  additional  support  provided  by  the  Army,  DARPA, 
Navy,  NASA,  and  DOE.  , 
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INTRODUCTION 


1.  SOLID  STATE  DEVICE  RESEARCH 

A  technique  has  been  developed  to  calculate  the  voltage  and  current  distributions  in  the  mass- 
transported  GalnAsP/  InP  buried-heterostructure  lasers.  It  is  valuable  for  designing  lasers  for  operation 
without  current  leakage  through  the  InP  pn  homojunctions  formed  in  the  transported  regions. 

Mass-transported  GalnAsP/ InP  buried-heterostructure  lasers  with  low  threshold  currents  and  a  linear 
light  output  to  greater  than  13  mW  per  facet  have  been  obtained.  This  is  achieved  by  using  sufficient 
p-doping  in  the  cap  layer  of  the  starting  double-heterostructure  wafer. 

Uniform  4-element  linear  arrays  of  250-MHz  bandwidth  10.6-^tm  HgCdTe  photomixers  have  been 
developed  with  an  average  NEP  of  3.5  X  10'19  W/Hz  at  195  K  and  a  cooling  requirement  that  is 
compatible  with  standard  4-stage  thermoelectric  coolers. 

2.  QUANTUM  ELECTRONICS 

An  analytical  comparison  has  been  made  of  an  optimized  heterodyne  and  a  direct-detection  C02 
LIDAR  for  atmospheric  remote  sensing.  The  results  predict  that  significant  improvement  may  be 
obtained  through  further  progress  in  the  development  of  direct  detectors. 

The  sensitivity  of  laser  surface  photoacoustic  wave  spectroscopy  has  been  improved  to  an  absorbance  of 
2  X  10‘8  of  the  laser  energy  by  the  use  of  lower  center  frequency  surface-acoustic-wave  (SAW) 
transducers  which  are  a  better  match  to  the  acoustic  frequencies  generated  by  the  focused  light.  An 
additional  improvement  involves  the  use  of  multiple  spot  imaging  through  a  Cr  mask,  allowing  increased 
laser  energy  without  increasing  laser  fluence. 

Laser  direct-write  A1  etching  and  poly-Si  deposition  have  been  adapted  to  the  mask-free  alteration  of 
simple  gate-array  test  circuits  on  CMOS  chips.  These  new  methods  may  be  useful  for  rapid  evaluation 
and  optimization  of  integrated-circuit  prototypes. 

3.  MATERIALS  RESEARCH 

As  a  first  step  in  the  development  of  AlGaAs-Si  tandem  solar  cells,  shallow-homojunction  cells  have 
been  fabricated  in  Alg  2Gao  gAs  epitaxial  layers  grown  on  single-crystal  GaAs  substrates  by  organome- 
tallic  chemical-vapor  deposition.  The  one-sun  conversion  efficiency  measured  for  the  best  cell  was  12.9 
percent  at  AMI. 

Epitaxial  layers  of  GaAs  and  AlxGa|.xAs  (0.2  ^  x  <  0.5)  have  been  grown  directly  on  single-crystal 
Si(100)  substrates,  without  an  intermediate  Ge  layer,  by  molecular  beam  epitaxy  (MBE).  To  improve 
nucleation,  after  being  chemically  cleaned  the  substrates  were  preheated  in  the  MBE  system  at  ~800°C 
to  reduce  surface  contamination  and  achieve  ordered  surface  reconstruction  prior  to  growth. 


4.  MICROELECTRONICS 


Etched-geometry  Ga  As  permeable-base  transistors  ( PBTs)  have  been  fabricated  and  tested.  These  differ 
from  previously  reported  PBTs  in  that  the  base  metal  is  not  encapsulated  inGaAs,  thus  avoiding  difficult 
overgrowth  processes.  A  small-signal,  unity-current-gain  frequency  f  |  of  13  GHz  has  been  measured  lor 
initial  devices.  Improvements  in  device  fabrication  should  yield  an  f(  >  40  GHz. 

Nitrocellulose  has  been  demonstrated  to  be  a  self-developing  resist  with  submicrometer  resolution. 
Simultaneous  exposure  and  development  were  accomplished  by  irradiation  w  ith  low  -energv  Ar+  or  Xe+. 
and  by  exposure  to  UV  light. 

The  effect  of  base  metal-semiconductor  contact  area  on  Si  PBT  performance  has  been  investigated. 
Experimental  results  and  numerical  simulations  of  different  configurations  show  that  the  intrinsic  fT  is 
invariant  with  contact  area,  but  that  the  measured  (extrinsic)  fT  is  optimized  by  maximizing  the  contact 
area. 

5.  ANALOG  DEVICE  TECHNOLOGY 

A  new  method  for  producing  the  convolution  of  a  Gaussian  function  with  an  optical  image  stored  in  a 
charge-coupled  device  array  has  been  demonstrated.  Such  Gaussian  convolution  operations  are  the 
time-consuming  steps  in  the  difference-of-Gaussians  procedure  employed  in  artificial-intelligence  algo¬ 
rithms  for  the  detection  and  localization  of  the  edges  of  objects  in  an  image.  This  method  has  the 
potential  of  producing  such  convolutions  in  two  dimensions  for  arbitrarily  large  fields  of  view  in  a  time 
less  than  that  required  to  detect  the  original  image. 

Pulse  compression  has  been  demonstrated  with  a  matched  pair  of  superconductive  chirp  filters.  The 
tapped-delay-line  filters,  consisting  of  niobium  superconductor  and  silicon  dielectric  in  a  stripline 
structure,  have  a  bandwidth  of  2.3  GHz  and  >7.5  ns  of  dispersion  and  are  amplitude-weighted  for  flat  and 
Hamming  responses.  Phase  errors  of  less  than  10°  rms  and  relative  sidelobe  levels  of  -25  dB  have  been 
achieved. 
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1.  SOLID  STATE  DEVICE  RESEARCH 

1.1  THEORY  OF  VOLTAGE  AND  CURRENT  DISTRIBUTIONS  IN  MASS- 
TRANSPORTED  GalnAsP/InP  BURIED-HETEROSTRUCTURE  LASERS 

A  technique  has  been  developed  to  calculate  the  voltage  and  current  distributions  in  the 
mass-transported  GalnAsP/InP  buried-heterostructure  laser.  Consider  the  current  flowing  from 
the  ohmic  contact  on  top  of  a  laser  mesa  such  as  that  shown  in  Figure  1-1.  When  the 


Figure  1-1.  SEM  croM-MCtional  vww  of  t  later  meat  showing  the  formation  of  InP  pn 
homojunction*  in  the  transported  regions.  Steps  seen  in  the  transported  regions  are  due  to  the 
steining  procedure  which  preferentially  eroded  n-lnP,  as  confirmed  by  rotating  the  sample  during 
the  SEM  examination. 

current  is  relatively  low,  it  flows  predominantly  through  the  active  region  with  only  a  neg¬ 
ligibly  small  portion  flowing  through  the  InP  pn  homojunctions,  because  the  quaternary  has 
an  energy  gap  smaller  than  that  of  InP.  This  current -flow  pattern  and  the  corresponding 
voltage  distribution  in  the  laser  mesa  has  been  analyzed  by  using  a  conformal  mapping 
technique,  the  Schwarz-Christoffel  transformation,  to  be  described  in  this  section.  The 
forward-bias  voltages  along  the  InP  pn  homojunctions  are  obtained  from  this  analysis  and 
can  be  used  to  check  if  the  homojunction  current  indeed  remains  negligibly  small.  Thus,  the 
present  calculation  scheme  is  valuable  in  predicting  the  current  limit  within  which  the  laser 
can  be  operated  without  leakage  through  the  homojunctions. 

As  illustrated  in  Figures  1-2  and  -3,  the  cross  section  of  the  laser  mesa  is  approximated 
as  a  trapezoidal  region  with  base  angles  of  a  =  0.927  rad  (=  53°)  in  the  upper  complex 
w-plane  (w  =  u  +  iv).  The  active  region  is  approximated  as  an  equipotential  line  segment 
(from  w  =  -W  to  w  =  W).  Another  equipotential  is  near  the  ohmic  contact  on  the 
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mesa  top.  In  addition,  no  current  is  allowed  to  flow  across  the  mesa  sidewalls  and  the  InP 
|H  Pn  homojunctions.  These  boundary  conditions  are  to  be  satisfied  by  the  potential  <f>(u.v). 

™  The  latter  is  obtained  by  transforming  a  known  potential  <t>(x,y)  from  the  upper  complex 

;*•!;* .  z-plane  (z  =  x  +  iy). 


The  potential  ^(x.y)  in  Figure  1  -2(b)  is  that  of  a  two-dimensional  current  flow  from 
infinity  into  a  slit  opening12  which  has  a  width  from  z  =  -1  to  z  -  1  and  is  maintained  at 
a  constant  potential  of  4>  =  0.  The  equipotentials  are  confocal  ellipses,  with  foci  at  z  =  1 

and  z  =  1,  and  are  given  by 


cosh2  <t>  sinh2  <I> 


The  upper  complex  z-plane  is  transformed  into  the  triangular  region  in  the  upper  com¬ 
plex  w-plane  in  Figure  1  -2(a)  by1-2 

=  K  f*  (z'  +  a')(“/7rH  (z'  -  a')(Qt/7rH  dz'  (1-2) 


w 


where  K  and  a'  are  constants  and  are  determined  by  requiring  the  mapping  of  z  =  1  and  a' 
to  w  =  W  and  a,  respectively. 


By  evaluating  Equations  (1-1)  and  (1-2)  numerically,  <I>(u,v)  is  obtained.  Some  examples 
are  shown  in  Figures  l-2(a)  and  -3.  [The  equipotentials  in  Figure  1-3  are  labeled  in  V 
which  is  related  to  by  Equation  (1-3)  to  be  discussed  below.]  Note  the  equipotentials  near 

the  mesa  tops  are  curved,  and  one  of  them  will  approximately  coincide  with  the  front  of 
the  Zn  skin-diffused  p+  region. 

The  potential  4>(u,v)  is  then  converted  into  the  voltage  distribution  V(u,v)  by  using 
pIq 

V(U,V)  =  ~irL  4>(U,V)  +  VQ  (1-3) 

where  p  and  L  are  the  resistivity  and  device  length,  respectively,  and  Iq  and  Vq  are  the 
current  flowing  through  and  the  junction  voltage  at  the  quaternary  region,  respectively. 
Equation  (1-3)  is  obtained  by  letting  V(u,v)  =  constant  x  $(u,v)  +  Vq  and  by  requiring  L/p 
J.w  [dV/av]v=0  du  =  Iq.  The  junction  voltage  Vq  is  computed  to  be  0.98  V,  by  using  pub¬ 
lished  values  of  the  band-structure  parameters  and  threshold  carrier  density.3-4 

Figure  1-3  shows  examples  of  calculated  V(u,v).  In  these  calculations  and  others  to  follow, 
L  =  300  pm  and  p  =  (pq  pp)-!  with  pp  =  70  cm2/(V-s)  were  used.  The  voltage  distribution 
may  now  be  used  to  estimate  the  current  IH  due  to  the  forward-biased  InP  homojunctions. 
The  homojunctions  are  approximated  as  ideal  diodes,  and  IH  is  assumed  to  be  dominated 
by  the  electron  injection  into  the  p-InP  cap  region,  since  the  n-InP  buffer  layer  is  generally 
more  heavily  doped  and  electrons  have  considerably  higher  diffusivity  than  holes.  Therefore, 

,  A„  D„  nf  [qV,,] 

=  q  ~CT  T  'X|>  LttJ  ,m> 
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where  AH  is  the  effective  homojunction  area,  Dn  and  Ln  are  electron  diffusivity  and  effec¬ 
tive  diffusion  length,  respectively,  n;  is  the  intrinsic  carrier  concentration,  k  is  the  Boltzmann 
constant,  and  VH  =  V(W  +  b,o)  with  b  being  the  transported  region  width.  The  effective 
homojunction  area  is  defined  as  AH  =  2LAb,  with  the  effective  width  Ab  =  J^+b 
exp  [qV(u,o)/kT]  du/exp  (qVH/kT),  which  can  be  estimated  to  be  approximately  the  dis¬ 
tance  in  which  V(u,o)  reduces  by  kT/q  or  (as  done  here)  evaluated  precisely  by  numerical 
integration.  In  the  following  calculations  Dn  =  78  cm2/s  and  n?  =  1.6  X  10' 4  cm-6  were 
used,  as  computed  from  published  carrier-transport  and  band-structure  parameters,4  and  a 
constant  Ln  =  7  /um  was  assumed. 


TABLE  1-1 


Calculated  lH  and  Related  Parameters  as  a  Function  of  lQ 
for  p  =  4  x  1 017  cm'3,  a  =  5.0  /im.  W  =  1 .5  ^m,  and  b  =  2.0 


•q 

(mA) 

vH 

(V) 

Ab 

(Aim) 

np(0)* 

(cm*3) 

>H 

(mA) 

'1 

(mA) 

<2 

(mA) 

20 

1.03 

1.37 

7.15  x  1013 

0.0732 

53.9 

12.9 

40 

1.08 

1.08 

4.56  X  1014 

0.368 

52.3 

12.2 

60 

1.13 

0.87 

3.03  X  101 5 

1.96 

52.0 

11.9 

80 

1.17 

0.75 

1.93  X  1016 

10.9 

52  3 

11.6 

100 

1.22 

0.65 

1.28  x  1017 

62.0 

52.7 

11.5 

np(0)  = 


>H' 

kT 


Table  1-1  shows  calculated  1^  and  related  physical  parameters  as  a  function  of  Iq  on  a 
given  device.  Note  that  IH  is  initially  very  small  but  increases  exponentially.  When  IH  —  Iq, 
voltage  along  the  InP  homojunctions  calculated  for  Iq  alone  may  remain  a  fair  approxima¬ 
tion,  because  the  additional  electric  field  for  the  hole-drift-current  component  of  IH  is  small 
up  to  approximately  one  electron-diffusion  length  away  from  the  homojunctions  and  is  there¬ 
fore  not  expected  to  significantly  affect  the  homojunction  voltage.  The  effect  of  the  calcu¬ 
lated  homojunction  current  on  an  otherwise  linear  L-I  characteristic  is  demonstrated  in 
Figure  1-4,  which  was  obtained  by  adding  IH  to  Iq  for  each  power  output.  To  facilitate 
comparison  with  experiment,  Equations  (1-3)  and  (1-4)  can  be  combined  and  rearranged  into 


v.v  .v  .NWW.'VV- 


(1-5) 


IH  =  1  mA  •  exp  [(1q  -  I|)  I2] 

where  1(  and  I2  are  parameters  characteristic  of  the  device  and  are  nearly  independent  of  Iq 
(cf.  Table  1-1).  Note  that  I|  is  essentially  the  value  of  Iq  at  which  1^  becomes  significant 
(Ijl  =  1  mA).  The  functional  form  of  Equation  (1-5)  is  in  good  agreement  with  experiment. 

Figure  1-5  shows  calculated  I(  as  a  function  of  p  for  a  =  5.0  pm,  b  =  2.0  pm  and 
three  values  of  W.  The  experimental  values  of  I|  for  p  ^  3  X  1017  cm*3  were  15  to 
26  mA,  in  general  agreement  with  Figure  1-5.  A  more  accurate  comparison,  however,  is  not 
available  at  present  because  of  the  uncertainties  in  both  theory  and  experiment. 

In  conclusion,  the  conformal  mapping  technique  allows  for  rather  accurate  calculation  of 
the  voltage  distribution  in  the  laser  mesa.  The  present  theory  is  valuable  for  designing  lasers 
for  operation  without  current  leakage  through  the  forward-biased  homojunctions. 

Z.L.  Liau 
J.N.  Walpole 
D.Z.  Tsang 

1.2  LINEAR  LIGHT-CURRENT  CHARACTERISTICS  IN  MASS-TRANSPORTED 
GalnAsP/InP  BURIED-HETEROSTR  U CTURE  LASERS 

Linear  light-output-current  (L-I)  characteristics  and  high-power  operation  are  important 
for  heterostructure  lasers.  In  this  work  mass-transported  GalnAsP/InP  buried-heterostructure 
(BH)  lasers  with  low  threshold  currents  and  linear  light  output  to  greater  than  13  mW/ facet 
have  been  obtained.  This  is  achieved  by  using  sufficient  p-doping  in  the  cap  layer  of  the 
starting  double  heterostructure  wafer,  a  technique  simpler  than  the  previously  reported  one5 
in  which  Zn-diffusion  was  employed. 

Five  wafers  were  grown  with  the  p-doping  ranging  from  2.5  X  1017  to  2.3  X  1018  cm-3. 
(The  corresponding  Zn  concentration  in  the  liquid-phase  epitaxial  growth  was  calibrated  by 
using  Hall-effect  measurements  on  8-pm-thick  InP  layers  grown  on  semi-insulating  sub¬ 
strates.)  A  trend  of  improved  L-I  linearity  with  increasing  doping  was  observed,  as  shown  in 
Figure  1-6.  Essentially  linear  characteristics  up  to  the  maximum  operation  current  of  75  mA 
were  obtained  for  wafers  with  p  ^  9.1  X  1017  cm-3.  Such  linearity  was  never  achieved  for 
devices  fabricated  from  six  lightly  doped  wafers  (p  <  3  x  I017  cm'3),  including  the  earlier 
ones. 

However,  a  trend  of  increasing  threshold  current  was  also  observed.  For  example,  de¬ 
vices  fabricated  from  wafers  with  p  -  9.1  X  I017  and  2.3  X  1018  cm'3  showed  overall 
threshold  current  increases  of  **50  and  200  percent,  respectively,  as  compared  with  those  of 
p  =  2.5  X  1017  cm-3.  (The  active  region  dimensions  were  presumably  quite  similar  in  these 
wafers.)  It  should  be  noted  that  increase  in  threshold  current  with  the  p-doping  has  pre¬ 
viously  been  reported  for  broad  area  lasers.6’7  In  this  work,  an  attempt  to  preserve  the  low 
threshold  current  was  made  by  growing  Wafer  635  with  a  thin  (s  0.4  pm)  lightly  doped 
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Figure  1-9.  L-l  characteristic*  of  five  mass-transported  BH  lasars  with  different  cap-lay* 
The**  device*  war*  mounted  p-*M*  down. 
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InP  layer  between  the  active  layer  and  the  heavily  doped  cap  (p  ss  7,9  X  10* 7  cnr3).  This 
wafer  resulted  in  threshold  currents  11  to  16  mA  (similar  to  those  of  lightly  doped  ones)  as 
well  as  an  improved  L-I  linearity  (see  the  dotted  curve  in  Figure  1-6). 

Figure  1-7  shows  far-field  patterns  in  the  junction  plane.  These  far-field  patterns  are 
smooth  compared  with  those  of  the  more  conventional  BH  lasers,8  and  single  lateral  mode 
operation  was  maintained  up  to  the  maximum  operation  current  of  60  mA,  nearly  three 
times  the  threshold  current.  Other  devices  showed  a  full  angular  width  at  half  maximum 
intensity  as  narrow  as  23°,  corresponding  to  an  active  region  of  estimated  3-/im  width  and 
0.15-^m  thickness. 

The  improvement  of  L-I  linearity  with  p-doping  is  consistent  with  the  hypothesis  of  the 
forward-biased  InP  homojunctions  described  in  the  previous  report.5  (For  a  more  rigorous 
treatment  of  the  homojunction  problem,  see  Section  1.1.)  However,  it  does  not  rule  out 
other  possible  causes  such  as  the  electron  leakage  over  the  hetero barrier.9* 11  This  latter 
mechanism  has  been  invoked  to  explain  the  threshold-temperature  dependence  in  GalnAsP 
lasers,  but  its  possible  consequences  on  the  L-I  characteristics  were  not  discussed. 9*’ 1 

Z.L.  Liau 
J.N.  Walpole 
D.Z.  Tsang 
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Figure  1-7.  Fer-fieid  patterns  in  the  junction  plane  of  a  mass-transported  BH  laser. 


1.3  FOUR-ELEMENT  10.6-Mm  PHOTOMIXER  ARRAYS  OPERATING  AT  195  K 


Linear  arrays  of  p-type  HgCdTe  photoconductors  have  been  developed  for  elevated- 
temperature  heterodyne  operation  at  10.6  nm.  This  array  work  is  an  extension  of  the  single¬ 
element  elevated-temperature  photomixer  work  previously  reported. 1213  A  photograph  of  an 
array  of  detectors  is  shown  in  Figure  1-8.  The  individual  detectors  are  approximately  50  X 
50  X  2  urn  thick  and  spaced  on  100-Mtn  centers.  At  195  K.,  the  detector  cutoff  wavelength 
was  about  13  um. 


Figure  1-8.  Photograph  of  a  linear  array  of  p-type  HgCdTe  photoconductors  designed 
for  10.6-Mm  heterodyne  operation  at  19S  K. 

Heterodyne  performance  characteristics  of  a  4-element  array  of  HgCdTe  photoconductors 
are  listed  in  Table  1-2.  All  four  devices  in  this  array  were  found  to  have  an  NEP  =  3.5  X 
10"19  W/Hz  at  40  MHz  when  illuminated  with  a  3-mW  CO2  laser  local  oscillator  beam 
(LO).  The  measurement  uncertainty  was  ±10  percent,  and  is  therefore  the  upper  limit  of  the 
nonuniformity.  The  bandwidth,  as  determined  by  G-R  noise  measurements,  increased  with 
LO  power,  from  165  MHz  at  zero  power  to  420  MHz  at  a  power  level  of  22  mW.  This 
increase  is  due  to  the  high  photoelectron  concentration  produced  by  the  LO,  which  increases 
the  probability  of  Auger  recombination.  Maximum  heterodyne  sensitivity  was  achieved  with 
an  LO  power  of  3  mW,  and  here  the  detector  bandwidth  was  about  250  MHz.  In  this 
temperature  region  there  is  a  strong  trade-off  between  sensitivity  and  bandwidth.13  An  aver¬ 
age  array  NEP  of  1  X  10"19  W/Hz  should  be  achieved  by  lowering  the  hole  concentration 
so  as  to  reduce  the  bandwidth  to  about  100  MHz. 

Cross-talk  was  measured  by  illuminating  one  detector  and  measuring  the  RF  signal  from 
an  adjacent  device.  At  40  MHz,  this  cross-talk  was  found  to  be  -35  dB,  and  is  believed  to 


TABLE  1-2 

4-Element  Photomixer  Arrey  Performance  at  195  K 

Average  NEP  at  10.6  /im 
(PL0  =  3  mW) 

3.5  X  1019  W/Hz 

Nonuniformity 

<  ±10% 

Bandwidth 

250  MHz 

Cross-Talk 

-35  dB 

Total  Dissipation 

36  mW 

be  primarily  due  to  the  finite  resistance  in  the  common  meander-line  ground  (see  Figure  1-8). 
At  maximum  sensitivity,  each  detector  required  a  bias  power  of  6  mW  and  an  LO  power 
of  3  mW,  giving  a  total  dissipation  of  36  mW  for  the  4-element  array.  This  power  dissipa¬ 
tion  level  is  compatible  with  the  cooling  capability  of  standard  4-stage  thermoelectric  coolers. 

D.L.  Spears 
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2.  QUANTUM  ELECTRONICS 

2.1  ANALYTICAL  COMPARISON  OF  OPTIMIZED  HETERODYNE  AND  DIRECT- 

DETECTION  LIDAR  FOR  ATMOSPHERIC  REMOTE  SENSING 

Recently  an  experimental  study*  of  the  relative  merits  of  heterodyne  and  direct -detection 
CO2  DIAL  for  path-averaged  remote  sensing  was  carried  out  using  LIDAR  backscattered 
returns  from  topographic  targets.  In  these  studies,  the  average  signal-to-noise  ratios  and  sta¬ 
tistical  and  temporal  characteristics  of  the  LIDAR  returns  were  measured  simultaneously  for 
both  detection  techniques.  The  experimental  results  were  found  to  be  in  good  agreement 
with  a  simple  analysis  which  predicted  the  relative  sensitivity  of  each  detection  technique  for 
path-averaged  measurements.  The  detection  systems  used  in  these  experiments  were  not 
optimized  for  either  technique. 

We  now  have  made  a  similar,  but  generalized,  analytical  comparison  of  heterodyne  and 
direct  detection  for  an  optimized  pulsed  CO2  DIAL  system  which  is  constrained  by  several 
factors  including  weight,  system  complexity,  and  input  energy  considerations.  In  addition,  the 
comparison  has  been  directed  toward  range-resolved  remote  sensing  using  LIDAR  signals 
backscattered  from  atmospheric  aerosols. 

Previous  work  indicated  that  the  accuracy  of  a  DIAL  measurement  is  limited  at  close-in 
ranges  (where  LIDAR  signal  returns  are  strong)  by  the  level  of  fluctuations  of  the  LIDAR 
return  signals,  and  at  far  ranges  by  the  noise  equivalent  power  (NEP)  of  the  detector.'  The 
approximate  equations  which  describe  these  limitations  are  given  for  close-in  ranges  by 


CTn/(2o,aAR) 


and  for  far  ranges  by 


2oaAR 


(Pr/NEP) 


where  Nmin  is  the  minimum  concentration  of  the  species  that  can  be  detected,  on  is  the 
signal-averaged  standard  deviation  of  the  LIDAR  signal  fluctuations,  oa  is  the  absorption 
cross  section  of  the  absorbing  atmospheric  species,  AR  is  the  range  resolution,  and  Pr  is  the 
signal  power  of  the  pulsed  LIDAR  return. 

Equations  (2-1)  and  (2-2)  define  the  approximate  limits  of  measurement  accuracy  of  a 
DIAL  system.  Equation  (2-1)  sets  the  limits  due  to  fluctuations  in  the  LIDAR  returns 
caused  by  target,  speckle,  or  atmospheric  effects,  even  though  the  average  signal-to-noise 
ratio  (SNR)  or  carrier-to-noise  ratio  (CNR)  is  high.  Equation  (2-2)  determines  the  additional 
constraints  on  the  accuracy  when  CNR  becomes  less  than  or  equal  to  1. 

Equations  (2-1)  and  (2-2)  represent  limits  of  a  more  general  theory,2  and  are  essentially 
correct  in  the  region  of  validity  of  the  analysis,  i.e.,  at  close-in  and  far  ranges,  respectively. 
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For  the  numerical  prediction  of  the  system  performance  of  both  heterodyne  and  direct- 
detection  CC>2  L1DAR  systems  it  is  convenient  to  use  the  mathematical  notation  of  Shapiro2 
to  decribe  the  combined  influence  of  signal  fluctuations  and  low  CNR.  In  this  case,  one 
calculates  the  CNR  value  and  the  saturated  value  (predicted  fluctuation-dominated  value), 
SNRsat,  to  deduce  the  resultant  SNR  value. 

The  value  of  the  predicted  measurement  accuracy.  on,  is  then  determined  from 


I  1 
F  VSNR 


(2-3) 


where  F  is  the  signal-averaging  improvement  factor,  which  would  be  equal  to  N1'2  for  sta¬ 
tistically  independent  samples;  N  is  the  number  of  pulses  integrated. 


In  order  to  make  a  realistic  comparison  of  different  LIDAR  systems,  one  must  consider 
the  system  requirements  as  well  as  any  other  constraining  factors.  Toward  this  end,  we  con¬ 
sider  system  parameters  appropriate  for  a  compact,  10-/im  CO2  DIAL  system  for  short-range 
(<5  km),  range-resolved  measurement  for  species  concentration  in  the  atmosphere.  In  addi¬ 
tion,  constraining  factors  are  given  which  include  realistic  limitations  for  primary  input  elec¬ 
trical  power,  volume,  weight,  signal-processing  time,  and  system  complexity. 


Table  2-1  gives  parameter  values  of  two  possible  DIAL  systems  using  heterodyne  detec¬ 
tion  and  direct  detection.  The  reasons  for  selecting  the  parameter  values  shown  and  the  dif¬ 
ferences  between  the  heterodyne  and  direct-detection  cases  are  presented  in  Reference  3. 


Most  significantly,  it  is  demonstrated  in  Reference  3  that  the  direct-detection  system  can 
be  substantially  improved  by  the  use  of  a  cold  IR  filter  so  that  the  detector  is  not 
background-limited,  the  use  of  a  matched,  cooled,  state-of-the-art  amplifier,  and  hybrid 
integration  of  the  amplifier  with  a  photovoltaic  (photodiode)  HgCdTe  detector.4  Specially 
passivated  HgCdTe  detectors  have  been  developed,  but  have  yet  to  be  integrated  with  an 
optimized  amplifier.5  The  construction  of  such  a  detector /amplifier  combination  would  entail 
a  moderate  development  program  but  should  be  technically  feasible. 


An  analysis  was  made  of  the  expected  measurement  accuracy  as  a  function  of  range  for 
the  two  DIAL  systems  shown  in  Table  2-1.  The  calculations  were  made  with  both  systems 
operating  at  a  PRF  of  either  100  or  10,000  Hz. 

Figure  2-1  shows  the  calculated  on  values  for  the  two  systems  assuming  an  integration 
time  of  1  s  and  F  =  N*/2.  Two  important  conclusions  may  be  obtained  from  Figure  2-1. 
First,  similar  performance  is  predicted  for  the  100-Hz  PRF  direct-detection  system  and  the 
10,000-Hz  PRF  heterodyne-detection  system.  Second,  these  respective  PRF  values  offer  the 
best  compromise  between  close-in  measurement  accuracy  and  long-range  detection. 


In  conclusion,  the  analysis  has  shown  some  of  the  design  trade-offs  between  heterodyne 
and  direct-detection  DIAL  systems,  with  specific  application  to  range-resolved  remote  sensing 
of  atmospheric  species.  The  results  indicate  that  acceptable  performance  may  be  obtainable 
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TABLE  2-1 

List  of  Parameter  Values  for  the  Two  Baseline  DIAL  Systems* 

Parameters 

Heterodyne 

Direct 

Average  Laser  Power  (W) 

3 

10 

Laser  Modes 

1 

5 

Pulse  Length  (ns) 

350 

350 

Bandwidth  (MHz) 

3 

3 

Transmitted  Beam  Diameter  (m) 

0.15 

0.06 

Receiver  (Telescope)  Diameter  (m) 

0.15 

0.30 

NEP  (Optimized)  (W) 

0.6  X  10'13 

0.9  x  10  11 

PRF  (Hz) 

100/10,000 

100/10,000 

Range  Resolution 

50  m 

Atmospheric  Backscatter 

1  x  lO  ^m^sr1 

Optical  Efficiency 

0.1 

Atmospheric  Attenuation 

0.12  km-1  (0.5  dB/km) 

Signal  Averaging  Time 

1  s 

•Each  system  has  a  PRF  of  1 00  or  1 0,000  Hz,  which  directly  affects  the  peak 
transmitted  power. 

HETERODYNE  DETECTION 
—  DIRECT  DETECTION 

I  PRF  100  Hz 

II  PRF  10,000  Hz 
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Figure  2-1.  Predicted  percentage  measurement  error.  an.  ■■  a  function  of  rang*  for  the  baseline 
UDAR  systems. 


with  a  direct-detection  system  if  a  significant  improvement  in  detector/amplifier  technology  is 
accomplished.  Such  improvment  is  technically  feasible.  In  addition,  the  results  have  shown 
the  importance  of  a  reasonable  choice  of  the  particular  constraints  applicable  to  each  sys¬ 
tem.  This  contrasts  with  a  rigid  comparison  of  similar  systems,  which  does  not  allow  for 
differences  in  the  PRF,  average  laser  power,  laser  mode  structure,  or  receiver /detector 
characteristics. 


Finally,  it  should  be  emphasized  that  the  values  of  a„  shown  in  Figure  2-1  are  theoreti¬ 
cal  predictions  and  have  not  been  experimentally  verified.  Future  experimental  work  will  be 
required  in  order  to  establish  the  validity  of  some  of  these  predictions  and  the  feasibility  of 
the  hardware  development. 


D.K.  Killinger 
N.  Menyuk 


2.2  SURFACE-PHOTOACOUSTIC-WAVE  SPECTROSCOPY 


We  have  reported  previously6’7  on  the  detection  of  surface  acoustic  waves  (SAW)  gener¬ 
ated  by  relaxation  of  energy  optically  absorbed  in  thin  surface  films.  The  reported  detection 
sensitivity  was  an  absorbance  of  5  X  10-5  of  the  laser  energy  with  a  maximum  laser  energy 
density  of  0.1  J/cm2,  limited  by  the  desorption  of  the  molecular  film.  We  now  report  on 
improvements  of  several  orders  of  magnitude  in  the  minimum  detectable  absorption  coeffi¬ 
cient.  Two  techniques  have  been  used  to  achieve  this  improvment:  (a)  use  of  a  50-MHz 
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center  frequency  edge-bonded  transducer  (EBT),  and  (b)  use  of  multiple  image  spots  to 
increase  the  acoustic  energy  without  exceeding  the  damage-limited  laser  fluence. 


In  order  to  insure  that  the  SAW  signals  from  different  spots  on  the  sample  reach  the 
transducer  in  the  same  phase,  the  laser  beam  is  focused  to  a  line  image  parallel  to  the  edge 
of  the  substrate  with  the  transducer.  The  center  frequency  of  the  generated  SAW  signal  is 
set  by  the  laser  spot  size,  with  w  =  v/2w,  where  v  is  the  acoustic  velocity  (3  X  105  cm/s) 
and  2w  is  the  beam  waist  (~30  fim).  For  optimum  sensitivity,  this  frequency  should  match 
the  transducer  center  frequency.  An  additional  constraint  for  efficient  SAW  generation  is 
that  the  laser  pulse  duration  should  be  short  compared  to  the  acoustic  transit  time  across 
the  laser  spot.  Both  of  these  criteria  are  more  easily  satisfied  at  lower  frequencies.  Our 
initial  measurements  were  carried  out  using  a  130-MHz  center-frequency  transducer;  shifting 
to  a  50-MHz  center-frequency  EBT  without  modifying  the  optical  arrangement  yielded  an 
improvement  in  the  minimum  detectable  absorbance  of  approximately  one  order  of  magni¬ 
tude  to  5  X  IQ-6  of  the  laser  energy.  Figure  2-2  shows  the  output  SAW  signal  vs  input 
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Figure  2-3.  Output  of  EBT  with  multiple  spot  illumination.  (Top)  through  3-  x  ♦•mm  shaping  aperture 
and  SO-Mm-perfod  Cr  mask;  (bottom)  Cr  mask  removed. 


laser  energy  for  a  50-MHz  center-frequency  EBT  on  a  ST-quartz  substrate  with  a  200-nni- 
thick  gold  film  absorber.  The  SAW  signal  is  in  peak-to-peak  volts  at  the  EBT.  Plotted  arc 
the  measured  points  and  a  straight  line  of  unity  slope.  The  output  voltage  is  proportional 
to  the  input  energy  over  more  than  three  orders  of  magnitude  in  voltage  or  more  than 
60  dB  in  power.  The  saturation  observed  at  high  SAW  signal  levels  is  most  likely  due  to  a 
nonlinear  absorption  process  since  the  SAW  level  at  the  compression  point  is  too  low  to 
lead  to  acoustic  nonlinearities  in  either  the  substrate  or  the  EBT. 

All  of  these  results  were  obtained  using  a  single  line  image.  Substantially  more  laser 
energy  is  available,  but  is  not  usable  in  this  configuration  since  either  the  absorption  process 
becomes  nonlinear  or  the  film  is  damaged  at  higher  laser  fluences.  To  increase  the  detection 
sensitivity  we  have  employed  the  multiple  line  image  technique  illustrated  in  Figure  2-3.  A 
5-mm-dia.  collimated  laser  beam  was  used  to  illuminate  the  absorber  on  the  substrate.  The 
beam  passed  through  a  mask  with  a  shaping  aperture  of  3  X  4  mm  and  a  grating  of 
25-jim  lines  and  25-/xm  spaces;  the  illumination  pattern  on  the  surface  is  a  series  of  bright 
and  dark  lines.  This  pattern  acts  like  an  interdigital  transducer  to  produce  a  pulse  of  SAW 
energy  over  the  entire  illuminated  area.  Figure  2-3  shows  the  SAW  pulse  generated  by  this 
technique  using  the  same  Au  film  and  50-MHz  EBT  transducer.  The  time  duration  of  the 
output  simply  corresponds  to  the  SAW  transit  time  across  the  spatial  extent  of  the  laser 
spot.  With  the  grating  removed,  but  still  with  the  shaping  aperture,  very  little  high-frequency 
SAW  signal  was  generated.  The  dominant  residual  signals  originate  at  the  edges  of  the 
3-mm  aperture  and  at  imperfections  in  the  Au  film.  Straightforward  signal-to-noise  calcula¬ 
tions  show  that  this  multiple  spot  technique  improves  the  sensitivity  by  the  square  root  of 
the  number  of  cycles  in  the  resulting  SAW  signal.  This  is  a  factor  of  25  for  the  present 
experiment.  An  additional  factor  of  10  improvement  in  the  SAW  signal  over  that  obtained 
in  the  single  spot  experiments  was  observed,  using  a  fixed  laser  fluence.  This  is  probably 
due  to  a  better  coupling  of  the  present  sharply  defined  25-/um  lines  than  of  the  single 
30-/im  Gaussian  spot  to  the  50-MHz  SAW.  These  improvements  bring  the  minimum  detec¬ 
table  absorbance  to  2  X  10'8  of  the  laser  energy.  An  additional  advantage  of  the  multiple 
spot  technique  is  the  discrimination  against  background  absorption  of  the  substrate.  If  the 
thin  film  absorber  is  patterned,  either  lithographically  or  by  laser  processing,  any  unpat¬ 
terned  absorption  in  the  substrate  is  automatically  discriminated  against  in  the  SAW  genera¬ 
tion  process.  This  will  allow  investigation  of  many  interesting  systems  such  as  adsorbates  on 
metal  films  in  which  the  substrate  absorption  would  otherwise  mask  the  adsorbate  signals. 
Further  development  of  these  techniques  and  the  use  of  signal  averaging  electronics  will 
improve  the  detection  sensitivity  even  further.  We  are  presently  pursuing  the  application  of 
SAW  detection  to  the  measurement  of  absorption  in  interesting  semiconductor  systems  such 
as  quantum-well  structures  and  thin-film  nucleation  problems. 

S. R.J.  Brueck 

T. F.  Deutsch 

D.E.  Oates 


2.3  LASER  MICROCHEMICAL  TECHNIQUES  FOR  REVERSIBLE  RESTRUCTURING 
OF  GATE-ARRAY  PROTOTYPE  CIRCUITS 

During  the  last  several  years  there  has  been  growing  interest  in  special  methods  for  fab¬ 
ricating  or  altering  integrated-circuit  prototypes.  For  example,  it  has  been  demonstrated  that 
e-beam  and  laser-beam  direct  wafer  writing  which  avoid  lengthy  photomask  tooling  can  be 
valuable  both  in  the  early  stages  of  circuit  design  and  testing  as  well  as  in  fault  avoidance 
during  the  final  stage  of  the  fabrication  of  complex  circuits.  Below  we  describe  initial  appli¬ 
cations  of  laser  microchemical  modification  techniques  to  this  class  of  problems. 

Laser-microchemical  techniques  for  direct  deposition  and  etching  make  use  of  tightly 
focused  visible  and  UV  beams  to  drive  localized  surface  chemical  reactions.8  Recently  the 
first  applications  of  these  processes  to  device  fabrication  were  reported.9  Here,  in  this  initial 
demonstration  of  circuit  restructuring,  test  circuits  were  reconfigured  by  severing  discretionary 
At  interconnects  using  laser-controlled  chemical  vapor  deposition.  The  starting  circuit  for  this 
work  was  a  300-gate  CMOS  gate  array  manufactured  using  5-nm  design  rules.  The  discre¬ 
tionary  metal  interconnect  pattern,  fabricated  by  conventional  photolithography  and  dry  etch¬ 
ing,  personalized  the  array  into  simple  test  structures  such  as  ring  oscillators,  comparators, 
and  logic  gates. 

The  laser-writing  instrument  itself  has  been  described  in  detail  elsewhere.8  Briefly,  it  con¬ 
sists  of  a  high-power  microscope  through  which  a  laser  beam  is  directed  onto  the  circuit. 
Patterns  are  drawn  by  moving  the  workpiece  with  computer-controlled  translation  stages 
driven  by  DC  motors.  For  the  modest  resolution  needed  in  the  current  experiment,  a  488- 
nm  TEM00  Ar-ion  laser  beam  was  focused  to  a  nominal  3-/Ltm-dia.  spot  using  f/8  refractive 
optics.  The  laser  deposition10  and  etching11  processes  also  have  been  described  previously. 
Briefly,  the  etching  process  for  A1  involves  localized,  modest  (<200°  C)  laser  heating  of  a 
surface  bathed  in  a  capillary  liquid  etchant  layer  trapped  between  the  Si  wafer  and  a  thin 
cover  glass.  The  deposition  process  occurs  by  localized  laser  heating  of  a  surface  in  a  200- 
Torr  ambient  of  silane  vapor.  This  induces  the  chemical  vapor  deposition  of  heavily  B-doped 
poly-Si,  suitable  for  forming  ohmic  contacts  to  Al.  Laser  scan  rates  for  deposition  of  1.5- 
/im-thick  conductors  are  ~75  /am/s.  In  order  to  avoid  damage  to  active  devices,  the  poly-Si 
interconnects  were  routed  away  from  channel  regions.  Submicrometer  linewidths  have  been 
demonstrated  using  similar  microreactions  and  tighter  focusing. 

Figure  2-4  shows  scanning  electron  micrographs  (SEMs)  of  a  section  of  a  ring  oscillator 
circuit  before  and  after  restructuring.  The  Al  metallization  at  the  left  of  Figure  2-5(a)  con¬ 
nects  the  eighth  to  the  ninth  gate  in  the  ring  oscillator.  In  Figure  2-S(b),  this  conductor  is 
shown  severed  by  laser  etching. 

Also  shown  in  Figure  2-4(b)  is  a  laser-deposited  poly-Si  conductor  which  connects  the 
eighth  to  the  thirteenth  gate  in  the  oscillator,  thereby  decreasing  the  number  of  stages  from 
23  to  19.  Magnified  details  of  the  morphology  of  the  poly-Si  are  shown  in  Figure  2-5.  The 
step  coverage,  shown  in  Figure  2-5(a),  is  very  good,  and  is  characteristic  of  laser  deposition 


processes  even  over  high  steps.  A  contact  to  an  Ai  line  is  shown  in  Figure  2-5(b).  Although 
the  poly-Si  deposition  temperature  exceeds  the  Al-metallization  melting  point,  the  lateral 
laser-induced  temperature  profile  is  well  localized  and  no  apparent  damage  to  the  existing  Al 
conductors  is  observed.  Contact  formation  is  thought  to  occur  through  an  alloying  reaction. 

In  a  separate  experiment,  Al/ poly-Si  contact  resistances  and  poly-Si  sheet  resistances 
were  measured  by  laser-depositing  poly-Si  to  interconnect  Al  pads  separated  by  various  dis¬ 
tances.  From  the  intercept  of  the  resulting  plot  of  resistance  vs  poly-Si  length,  contact 
resistances  were  found  to  be  <10  Cl  for  a  typical  3-  X  3-^m  contact  area;  the  film  resistiv¬ 
ity  is  —3  X  103  fl-cm,  comparable  to  that  of  conventionally  formed  B-doped  poly-Si.  No 
furnace  annealing  or  other  treatment  was  used  after  any  of  the  laser  operations. 

Electrical  characteristics  of  a  representative  ring  oscillator  before  and  after  a  23-  to 
19-stage  restructuring  are  shown  in  Figure  2-6.  Similar  oscillation  waveforms  were  observed 
both  before  and  after  [Figure  2-6(b)]  the  laser  modification.  Typical  delays  are  ~4  ns  stage. 
The  before  and  after  oscillation  period  vs  supply  voltage  plots  [Figure  2-6(a)]  are  identical 
except  for  a  proportionate  reduction  by  the  ratio  23/19.  Similar  proportionate  reductions 
were  found  for  23-  to  15-stage  restructurings.  In  a  separate  test  a  30-^m-long  Al  conductor 
was  severed  and  then  replaced  by  laser-deposited  poly-Si;  the  oscillation  period  vs  supply 
voltage  plots  were  the  same  to  within  3  percent.  No  significant  degradation  of  circuit  per¬ 
formance  due  to  the  larger  resistivity  of  poly-Si  compared  with  Al.  or  to  the  poly-Si  Al 
contacts,  were  observed.  This  was  as  expected,  since  for  these  restructurings,  the  extra  RC 
time  due  to  the  typically  10  squares  of  poly-Si  over  l-j<m-thick  oxide  is  less  than  ~I2  ps. 
This  number  increases  with  the  interconnect  length,  however,  and  for  more  than  100  squares 
of  the  poly-Si  may  begin  to  be  significant  (>1  ns).  In  such  cases,  however,  poly-Si  deposi¬ 
tion  may  still  find  application  in  debugging  complex  architectures,  while  clocking  at  lower 
frequencies.  Further  experiments  will  explore  the  uses  of  these  techniques  for  wafer-scale  re- 
structurable  VLSI  and  for  isolation  and  testing  of  circuit  substructures  within  VLSI 
prototypes. 

DJ.  Ehrlich  J.H.C.  Sedlacek 

J.Y.  Tsao  D.J.  Sullivan 

D.J.  Silversmith  R.W.  Mountain 
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3.  MATERIALS  RESEARCH 


3.1  EFFICIENT  AIGaAs  SHALLOW-HOMOJUNCTION  SOLAR  CELLS 

As  a  first  step  in  the  development  of  AlGaAs-Si  tandem  solar  cells,  shallow- 
homojunction  cells  have  been  fabricated  in  Alo^GaggAs  epitaxial  layers  grown  on  single¬ 
crystal  GaAs  substrates  by  organometallic  chemical  vapor  deposition  (OMCVD).  The  one-sun 
conversion  efficiency  measured  for  the  best  cell  was  12.9  percent  at  AMI. 

The  principal  limitation  on  the  efficiency  of  single-junction  solar  cells  arises  because  the 
range  of  photon  energies  covered  by  the  solar  spectrum  is  too  broad  for  efficient  conversion 
by  a  single  material.  Potentially,  a  major  increase  in  efficiency  can  be  obtained  by  the  use 
of  tandem  devices,  in  which  cells  with  different  energy  gaps  (Eg)  are  stacked  vertically,  with 
the  cell  facing  the  sun  having  the  highest  Eg.  For  two-cell  devices,  to  obtain  maximum 
overall  efficiency  the  Eg  values  should  be  1.75  to  1.80  eV  for  the  top  cell  material  and  1.0 
to  1.1  eV  for  the  bottom  cell  material.1  With  these  values  the  maximum  practical  efficiency 
to  be  expected  under  one-sun,  AMI  conditions  is  over  30  percent,  compared  with  about  23 
percent  for  single-junction  cells.  Such  an  increase  in  efficiency  could  make  it  advantageous 
to  use  tandem  cells  for  both  flat-plate  and  concentrator  systems. 

Because  of  its  well-developed  solar  cell  technology  and  low  cost,  single-crystal  Si  (Eg  = 

1.1  eV)  is  the  material  of  choice  for  the  bottom  cell  in  a  maximum-efficiency  two-cell  tan¬ 
dem  structure.  No  material  with  a  comparably  developed  technology  is  available  for  the  top 
cell.  At  this  time  the  most  promising  materials  are  the  ternary  lll-V  alloys  AlxGa,.xAs  and 
GaAs,_xPx  with  x  «  0.3.  With  the  objective  of  developing  AlGaAs-Si  tandem  cells  for  effi¬ 
cient  one-sun  operation,  we  have  initiated  work  on  AIGaAs  cells;  they  use  the  shallow- 
homojunction  structure,  without  a  window  layer,  that  we  have  demonstrated  for  high- 
efficiency  GaAs  cells.2 

The  solar  cells  produced  so  far  have  been  fabricated  in  AI^GaggAs  epitaxial  layers 
that  were  grown  on  p+  GaAs  substrates.  Growth  was  performed  in  a  horizontal  OMCVD 
reactor  employing  hydrogen  at  atmospheric  pressure  as  the  carrier  gas  and  trimethylgallium, 
trimethylaluminum,  and  arsine  as  the  source  gases,  with  dimethyl  zinc  and  hydrogen  selenide 
used  to  dope  the  layers  p-  and  n-type,  respectively.  The  substrate  temperature  was  780° C, 
and  the  growth  rate  was  4.5  /zm/h. 

The  solar  cell  structure,  as  shown  schematically  in  Figure  3-1,  consists  of  p+,  p,  and  n+ 
AIGaAs  layers,  together  with  a  top  n+  GaAs  layer  used  for  the  front  contact.  The  fabrica¬ 
tion  techniques  were  similar  to  those  used  for  GaAs  cells.2  The  back  contact  to  the  sub¬ 
strate  was  electroplated  Au.  The  front  contact  bar  and  fingers,  which  were  formed  by  pat¬ 
terning  an  evaporated  Au  film  deposited  on  the  n+  GaAs  layer,  were  protected  during 
subsequent  processing  by  a  mask  of  plasma-deposited  Sijfy  (Reference  3).  The  nonmetallized 
regions  of  the  n+  GaAs  layer  were  etched  off,  and  the  exposed  areas  of  the  n+  AIGaAs 
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FigiM*  3-1.  Schamatic  Croat  taction  of  AiGaAt  ahaHow-homojunction  tolar  call. 

layer  were  then  thinned  to  about  S00  A  by  alternating  anodic  oxidation  and  oxide  removal 
steps.  The  last  of  these  steps  was  an  anodization  that  formed  an  oxide  layer  with  a 
refractive  index  of  approximately  1.7  that  served  as  an  antireflection  coating.  Cell  areas  of 
0.1  or  0.5  cm2  were  defined  by  conventional  mesa  techniques. 

Figure  3*2  shows  the  current-voltage  characteristic  at  29°  C  for  the  best  0.1  cm2  cell 
under  simulated  AMI  conditions.  A  rooftop  measurement  was  first  made  on  the  cell  under 
nearly  AMI  conditions  (95  mW/cm2,  as  determined  by  Si  and  GaAs  calibration  cells),  giving 
a  short-circuit  current  density  J^,  of  14.6  mA/cm2  and  open-circuit  voltage  V^.  of  1.10  V. 

A  current-voltage  measurement  was  then  made  in  the  laboratory  under  illumination  from  a 
high-pressure  Xe  lamp  filtered  to  give  an  AMI  spectrum,  with  this  simulator  adjusted  to 
give  the  same  J,,.  as  the  rooftop  measurement.  The  value  of  was  again  1.10  V.  The 
curve  of  Figure  3-2  was  obtained  by  normalizing  the  measured  currents  to  Jsc  of  (100/95) 
14.6  =  15.4  mA/cm2.  The  fill  factor  for  this  curve  is  0.76,  giving  a  one-sun  efficiency  of 
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Figura  3-2.  Currant  danaity  aa  a  function  of  vottaga  under  cfcrruiatad  AMI  conditions  for  Aln  ,Oan  *Aa  oaH 
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I  are  la  for  tha  oaN  of  Figure  3-2. 


12.9  percent  at  AMI.  Similar  results  were  obtained  for  a  0.5  cm2  cell  measured  at  20°C, 
except  that  Jsc  was  7  percent  lower,  giving  a  one-sun  AMI  efficiency  of  11.6  percent. 

Figure  3-3  shows  the  dependence  of  Jsc  on  Voc  for  the  cell  of  Figure  3-2,  as 
determined  by  pulsed  measurements  made  at  illumination  levels  up  to  about  20  suns  with 
the  cell  mounted  on  a  copper  block  maintained  at  25° C.  From  the  relationship4  Voc  = 
A(kT/q)  ln[(Jsc/J0)  +  1],  where  k  is  Boltzmann’s  constant,  T  is  the  absolute  temperature, 
and  q  is  the  electronic  charge,  we  find  that  the  diode  factor  A  =  1.1  and  the  saturation 
current  density  J0  10*19  A/cm2.  These  diode  characteristics  indicate  that  the  n+/p  junction 
is  of  high  quality. 

The  external  quantum  efficiency  of  the  cell  of  Figure  3-2  is  plotted  as  a  function  of 
wavelength  in  Figure  3-4.  The  threshold  at  0.75  #im  (1.65  eV)  corresponds  to  an  alloy 
composition  of  AI^GaogAs,  in  agreement  with  the  composition  found  by  Auger 
measurements.  The  falloff  in  quantum  efficiency  between  0.6  and  0.7  jzm  is  the  principal 
factor  limiting  the  cell  photocurrent  and  conversion  efficiency.  This  falloff  suggests  that  the 


Rqura  3-4.  External  quantum  affWanoy  m  a  function  of  wavatangtti  for  tha  caN  of  Rquio  3-2. 


minority  carrier  diffusion  length  in  the  p  layer  is  significantly  less  than  the  p-layer  thickness 
and/or  that  this  thickness  is  significantly  less  than  the  optical  absorption  length  in  the  spec¬ 
tral  region  just  above  the  absorption  edge.  In  the  short-wavelength  region,  where  the  absorp¬ 
tion  coefficients  are  greatest,  the  measured  quantum  efficiencies  are  equal  to  or  better  than 
those  reported5-6  for  AlGaAs  heteroface  cells  with  high-bandgap  AlGaAs  window  layers.  This 
result  indicates  that  it  should  be  possible  for  AlGaAs  cells  with  the  shallow-homojunction 
structure  to  achieve  the  conversion  efficiencies  required  for  high-performance  AlGaAs-Si  tan¬ 
dem  devices. 

R.P.  Gale  R.L.  Chapman 

J.C.C.  Fan  J.V.  Pantano 

G.W.  Turner 
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4.  MICROELECTRONICS 


4.1  FABRICATION  OF  ETCHED-GEOMETRY  GaAs  PERMEABLE- 

BASE  TRANSISTORS 

Etched-geometry  GaAs  permeable-base  transistors  (PBTs)  with  a  0.32-^m-period  base 
grating  and  a  0.5-nm  emitter-collector  spacing  have  been  fabricated.  These  PBTs  differ  from 
GaAs  PBTs  previously  reported1  in  that  the  growth  of  GaAs  over  a  submicrometer- 
periodicity  metal  base  grating,  which  is  a  formidable  technological  problem,  is  not  required. 
In  this  respect  these  PBTs  are  similar  to  GaAs  vertical  field-effect  transistors  previously 
reported.2  However,  in  the  devices  reported  here,  the  base  grating  dimensions  are  approxi¬ 
mately  six  times  smaller.  This  reduces  intrinsic  device  capacitances  for  comparable  doping 
levels  without  substantially  affecting  the  transconductance,  thus  increasing  high-frequency 
performance. 

The  fabrication  of  etched-geometry  GaAs  PBTs  is  outlined  in  Figure  4-1.  First,  an 
AsCl3-GaAs-H2  vapor  phase  epitaxy  system  is  used  to  grow  a  0.5-jum-thick  n-GaAs  layer  on 
a  (100)  n+-GaAs  substrate.  Next,  0.1  n m  of  CVD  Si02  is  deposited  to  protect  the  GaAs 
surface  during  subsequent  processing.  X-ray  lithography  and  lift-off  are  used  to  define  a 
0.32-Mm-period  Ni  grating  on  the  Si02  surface.  Ni  is  then  selectively  removed  by  HC1  etch¬ 
ing  in  regions  which  will  eventually  be  shorting  bars  for  the  base  grating  and  selectively 
deposited  in  regions  which  eventually  will  be  shorting  bars  for  the  collector  grating.  Since 
the  dimensions  of  the  shorting  bars  are  relatively  large  (>10  *im),  standard  photolithography 
can  be  used  for  these  steps.  The  patterned  Ni  serves  as  an  etch  mask  for  reactive-ion  etch¬ 
ing  of  the  Si02  in  CF4.  Since  the  etch  rate  of  GaAs  is  much  lower  than  that  for  Si02,  the 
etching  can  be  controllably  stopped  just  below  the  Si02-GaAs  interface.  Ion-beam-assisted 
etching  is  then  used  to  etch  vertical  grooves  in  the  GaAs.  The  active  region  of  the  device 
at  this  point  in  the  fabrication  sequence  is  shown  in  the  scanning-electron  micrographs 
(SEMs)  of  Figure  4-2.  The  collector  and  base  Schottky-barrier  contacts  are  formed  simul¬ 
taneously  with  a  single  ~ 300- A-t hick  A1  evaporation.  The  active  regions  of  these  devices  are 
isolated  by  proton  bombardment,  and  extra  A1  is  evaporated  in  the  patterned  regions  to 
form  contact  pads  to  the  collector  and  base  shorting  bars.  The  completed  device  is  shown 
schematically  in  Figure  4-3  and  in  the  SEM  of  Figure  4-4. 

Etched-geometry  GaAs  PBTs  exhibit  triode-like  three-terminal  I-V  characteristics,  as 
shown  in  Figure  4-5.  This  is  consistent  with  the  existence  of  a  barrier  on  the  collector  side 
of  the  base  due  to  Fermi-level  pinning  at  the  exposed  GaAs  surfaces.  A  maximum  fre¬ 
quency  of  oscillation,  fmax,  of  16  GHz  and  a  small  signal,  short-circuit  unity-current-gain 
frequency,  fj,  of  13  GHz  have  been  determined  from  S-parameter  measurements  from  2  to 
18  GHz.  Numerical  simulations3  indicate  that  process  optimization  of  the  present  structure, 
such  as  a  modified  doping  profile  to  reduce  the  problem  of  Fermi-level  pinning,  will  result 
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Figure  4*1.  Fabrication  aaquanca  for  etched -geometry  GaAa  PUT*. 


Figure  4-6.  Typical  thru*- terminal  current-voltage  characteristic*  of  an  etchad-geometry 
QaAs  PUT.  The  top  trace  ia  at  a  +0.6-V  baae-to-emitter  bias  and  the  steps  are  0.2  V. 

in  high-frequency  etched-geometry  GaAs  PBT  operation  with  an  fT  >  40  GHz.  This  fT  is 
comparable  to  that  predicted  for  an  overgrown  GaAs  PBT  of  similar  dimensions. 
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4.2  NITROCELLULOSE  AS  A  SELF-DEVELOPING  RESIST  WITH  SUBMICROMETER 
RESOLUTION  AND  PROCESSING  STABILITY 

Self-developing  resists  are  a  class  of  materials  which  volatilize  during  exposure,  and 
therefore  require  no  development  step.  Several  materials  exhibit  this  property  when  exposed 
to  the  appropriate  radiation.4*11  Recently,  self-development  has  been  demonstrated  on  a 
submicrometer  scale  with  nitrocellulose.4’5  When  nitrocellulose  is  impacted  with  heavy  ions, 
e.g.,  Ar+  or  Xe+,  or  exposed  to  laser  radiation  of  sufficient  energy,  microcombustion  occurs 
which  ablates  the  surface,  giving  the  self-developing  characteristics.  However,  when  this  mate¬ 
rial  is  exposed  to  light  ions,  electrons,  or  a  low  energy  flux  of  UV  radiation  (<2  mW/cm2), 
it  decomposes  forming  both  volatile  and  nonvolatile  products.  The  nonvolatile  products  are 
believed  responsible  for  the  processing  stability  of  this  self-developing  resist. 


E  -  E»h  (eV) 


Figure  4-1.  Etch  rate  of  n)troceiluk>M  aa  a  function  of  Ar+  energy  minus  a  threshold  energy  of  BO  aV. 
The  data  are  normaliied  to  a  beam  current  of  1  mA  cm'2.  The  sputtering  rates  of  tantalum  and  copper, 
obtained  from  the  data  of  References  12  and  13,  are  shown  for  comparison. 
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Experiments  were  performed  to  study  the  characteristics  of  nitrocellulose  when  exposed 
to  an  Ar+  beam.  Figure  4-6  shows  the  self-development  rate  as  a  function  of  the  ion 
energy.  The  development  sensitivity  of  190  eV  nm*3  is  linear  with  respect  to  ion  energy 
beyond  a  threshold  energy  of  50  eV,  over  nearly  four  decades  variation  in  ion  energy.  The 
sputtering  rates  for  tantalum  and  copper,  obtained  from  the  literature,1 2i1 3  are  shown  for 
comparison.  The  different  dependence  of  etch  rate  on  ion  energy  indicates  that  nitrocellulose 
does  not  develop  by  sputtering.  The  development  rate  is  consistently  two  to  four  orders  of 
magnitude  higher  than  the  sputtering  rate  of  most  materials.  Figure  4-7  shows  a  scanning- 
electron  micrograph  of  a  grating  with  a  320-nm  period  made  by  ion  beam  exposing  0.6 
of  nitrocellulose  through  a  SiNx  stencil  mask;14  the  aspect  ratio  is  ~7:1.  The  volatile 
decomposition  products  produced  during  ion  beam  exposure  are  shown  in  Figure  4-8.  The 
major  constituents,  as  determined  by  a  quadrupole  mass  spectrometer,  are  water,  nitrogen, 
carbon  monoxide,  nitric  oxide,  and  carbon  dioxide. 

The  stability  of  nitrocellulose  to  dry  processing  has  also  been  characterized.  Most  dry 
etching  processes  require  the  use  of  a  plasma  of  reactive  gas.  These  plasmas  consist  of  elec¬ 
trons,  light  ions,  and  UV  radiation,  all  of  which  cause  nitrocellulose  to  develop  slowly  and 
form  nonvolatile  residues.4  Figure  4-9  shows  a  comparison  of  reactive-ion  etching  rates  of 
nitrocellulose,  SiC>2,  and  ferrocene-doped  nitrocellulose  using  CHF3  as  the  reactive  gas.  The 
reactive-ion  etching  rates  for  nitrocellulose  are  about  two  orders  of  magnitude  lower  than 
those  obtained  by  argon  ions  with  energies  in  electron  volts  equivalent  to  the  target  voltage, 
as  shown  in  Figure  4-6.  It  is  difficult  to  make  direct  comparisons  since  the  ion  flux  in 
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Fifim  4-7.  SEM  of  i  grating  pattam  in  a  OA-wm-thick  nitroealluloaa  film  on  a  silicon  wafer.  The  aampla 
was  exposed  to  a  beam  of  600-oV  Ar+  at  a  currant  density  of  0.28  mA  cm*2  for  40  s.  The  SiN„  stancH  mask 
used  for  Otis  exposure  consisted  of  a  320-nm  grating  with  a  erossmombar  ovary  3.8  *im  to  strengthen  the 
mask.  Two  shadows  of  the  erosamombers  can  be  soon  in  the  nitrocellulose. 


41 


reactive-ion  etching  is  not  known.  Although  the  reactive-ion  etching  rate  of  nitrocellulose  is 

surprisingly  low,  it  is  still  twice  that  of  SiC>2  and  of  limited  processing  value.  As  shown  in 

Figure  4-9,  the  addition  of  10  wt.%  ferrocene,  a  volatile  metal  complex,  reduces  the  etching 
rate  of  nitrocellulose  by  a  factor  of  4  to  about  half  that  of  SiC>2.  The  development  rate  of 
the  doped  resist  by  2  keV  Xe+  is  reduced  by  more  than  a  factor  of  20  compared  with  the 

undoped  resist,  but  the  development  rate  obtained  with  the  ArF  laser  is  unaffected. 

Nitrocellulose  has  been  characterized  as  a  self-developing  resist  with  resolution  <100  nm 
and  processing  stability  acceptable  for  some  applications. 

M.W.  Geis  N.N.  Efremow 

J.N.  Randall  J.P.  Donnelly 

T.F.  Deutsch  J.D.  Woodhouse 
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Figure  4-9.  Reactive-ion  etching  rate  of  nitroceiiuioee.  9102. and  ferrocene-doped  nitrocellulose.  The  etch  gas 
wee  CMFj  at  a  pressure  of  29  Torr  and  a  flow  rate  of  46  seem.  The  samples  were  placed  on  a  quarts  plate  which 
covered  the  water-cooled  powered  electrode. 


4.3  EFFECT  OF  BASE  GEOMETRY  ON  Si  PBT  DEVICE  PERFORMANCE 


In  this  study  some  experimental  device  results  are  compared  with  two-dimensional 
numerical  simulations  of  Si  permeable-base  transistors  (PBTs).15  Both  the  simulations  and 
experimental  devices  indicate  that  small  variations  in  the  metal-semiconductor  contact  area  of 
the  base  fingers,  such  as  those  shown  in  Figure  4-10,  can  lead  to  substantial  deviations  in 
important  device  parameters  such  as  transconductance,  Gm,  threshold  voltage,  VT,  and  device 
intrinsic  input  capacitance,  C;n.  Variations  in  base-metal  linewidth  and  thickness  yield  similar 
effects. 
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Figure  4-10.  Compariaon  of  three  Imm  geometry  configuration*  for  the  Si  PBT. 
The  difference*  are  in  the  metal-aemiconductor  contact  area  in  the  baa*  region. 
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The  two-dimensional  numerical  simulations  used  to  evaluate  the  device  parameters  for 
the  three  base-metal  configurations  shown  in  Figure  4-10  have  been  described  in  detail  else¬ 
where.16  For  the  configurations  shown,  base-metal  periodicity  (320  nm),  semiconductor  dop¬ 
ing  (4  X  1016  cm*3)  and  base-metal  thickness  (40  nm)  were  kept  constant.  The  results  are 
summarized  in  Figures  4-11  through  4-13.  Figure  4-11  shows  the  collector  current  density, 

Jc,  as  a  function  of  base-to-emitter  voltage  at  a  fixed  collector-to-emitter  voltage  (VCE  = 

1.0  V)  for  each  of  the  device  configurations.  Note  the  relatively  large  variations  in  Jc  with 
VBE  for  both  overgrown  and  etched  collector  with  sidewall  contact  configurations.  The 
etched  collector  without  sidewall  contact  shows  little  variation  in  Jc,  indicative  of  low  trans¬ 
conductance  or  poor  base  control. 
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Flflim  4-1 1 .  Comparison  of  Je  vs  VBE  for  tfto  overgrown  81  PBT,  tho  etched  collector  structure  with  aMowaH 
oontact,  and  the  ate  hod  collector  structure  without  sidowall  contact  at  Vqe  =  1 .0  V.  L  is  base-metal  thick  noas 
and  d  is  spacing  between  adjacent  base  finders. 


VVMV, 


Figure  4-12  shows  the  small-signal,  short-circuit  unity-current-gain  frequency,  fj,  as  a 
function  of  Vgg  for  the  three  device  configurations.  Although  the  bias  dependence  of  fj  is 
different  for  the  three  devices,  the  maximum  value  of  fj  is  nearly  constant.  This  is  because 
the  ratio  of  Gm  to  Cjn  is  approximately  equal  for  the  three  configurations.  The  optimum 
bias  conditions  for  fT,  however,  are  shifted  toward  lower  base-to-emitter  voltages  for  the 
geometry  which  tends  toward  diminished  base  control. 

The  important  device  parameters  are  summarized  in  Figure  4-13.  Note  that  the  configu¬ 
ration  with  the  largest  transconductance  (overgrown)  also  has  the  largest  capacitance.  In 
addition,  the  threshold  or  turnoff  voltage,  VT,  is  also  the  largest.  The  conclusion  is  straight¬ 
forward:  the  greater  the  base-metal-semiconductor  contact  area,  the  greater  the  base  control, 
as  indicated  by  high  Gm  and  VT.  However,  the  increase  in  base  control  is  at  the  expense 
of  increased  capacitance,  leaving  the  intrinsic  fr  invariant. 
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Figure  4-12.  Unity ■hort-circuitcucrent-gninfrequuncy.fT.renfunctlonotVggforthnreiire 
dnvioM  m  Figure  4-11. 


Two  etched-collector  Si  PBT  devices  have  been  fabricated.  The  submicrometer-period  U- 
groove  active  region  was  formed  by  a  combination  of  X-ray  lithography  and  reactive-ion 
etching.  The  details  of  the  fabrication  procedure  have  been  described  elsewhere.15  Both  de¬ 
vices  have  40-  X  8-#xm  active  areas,  320-nm-periodicity  base  gratings  and  4  X  1016  cm'3 
doping.  The  important  difference  is  the  base-metal  configuration  at  the  groove  bottoms. 

Figures  4-14  and  4-15  are  scanning-electron  micrographs  showing  the  base-metal  regions 
of  the  two  devices.  In  addition,  the  corresponding  three-terminal  I-V  characteristics  are  dis¬ 
played.  Note  that  for  the  device  of  Figure  4-14  the  W  base  metal  is  cleanly  separated  from 
the  groove  sidewalls  while  the  device  of  Figure  4-15  appears  to  have  at  least  partial  contact 
between  metal  and  sidewall.  The  differences  in  the  three-terminal  characteristics  of  the  two 
devices,  however,  are  even  more  striking.  The  device  of  Figure  4-15  which  has  sidewall  con¬ 
tact  has  substantially  higher  transconductance  than  the  device  of  Figure  4-14.  In  addition, 
the  threshold  voltage  for  the  device  of  Figure  4-15  is  approximately  -0.8  V  for  the  device 
without  sidewall  contact.  We  have  also  verified  experimentally  that  the  device  capacitance  is 
approximately  20  percent  higher  for  the  device  of  Figure  4-15.  The  experimental  results  thus 
exhibit  the  trends  predicted  by  the  simulations. 
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Figure  4-1 3.  Comparison  of  important  parameters  for  the  three  device  configurations 
described  h  Fig urea  4-10  through  4-12. 
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In  the  experimental  devices,  fy  is  limited  to  between  20  and  40  percent  of  the  predicted 
value  due  to  parasitic  capacitances  (e.g.,  base  pad  capacitance).  Optimization  of  fT  is  there¬ 
fore  accomplished  by  using  the  base-metal  configuration  that  maximizes  both  Gm  and  intrin¬ 
sic  device  capacitance.  For  the  above  devices,  where  the  parasitic  capacitances  are  roughly 
equivalent,  the  device  with  sidewall  contact  had  an  fT  equal  to  10  GHz  compared  with  5.5 
GHz  for  the  device  without  sidewall  contact.  Future  efforts  will  be  made  both  to  maximize 
sidewall  contact  in  the  base  region  adjacent  to  the  conducting  channel  and  to  minimize 
parasitic  capacitances. 
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5.  ANALOG  DEVICE  TECHNOLOGY 


5.1  GAUSSIAN  CONVOLUTION  OF  IMAGES  STORED 

IN  A  CHARGE-COUPLED  DEVICE 

This  report  describes  the  experimental  demonstration  of  a  new  method  for  producing 
the  convolution  with  a  Gaussian  function  of  an  optical  image  stored  in  a  charge-coupled 
device  (CCD)  array.  Such  Gaussian  convolution  operations  are  the  time-consuming  steps  in 
the  difference-of-Gaussians  (DOG)  procedure1  employed  in  artificial  intelligence  algorithms  for 
the  detection  and  localization  of  the  edges  of  objects  in  an  image.  The  method  described 
here  can  produce  such  convolutions  for  arbitrarily  large  fields  of  view  in  a  time  less  than 
that  required  to  detect  the  original  image. 

The  method  is  based  on  the  fact  that  Gaussian  convolution  provides  the  mathematical 
description  of  the  physical  process  of  diffusion.  Since  diffusion  results  from  a  large  number 
of  small  intermixing  events,  what  is  required  is  a  CCD  clocking  technique  that  allows  a 
controlled  mixing  of  adjacent  charge  packets  in  the  CCD.  To  accomplish  this,  the  CCD 
structure  needs  the  following  elements:  (a)  pixel  wells  to  hold  the  charge  packets  represent¬ 
ing  the  image  intensities,  (b)  mixing  wells  between  pixel  wells  to  hold  the  charge  to  be 
exchanged  between  adjacent  pixel  wells,  and  (c)  transfer  wells  that  can  isolate  mixing  wells 
from  or  connect  mixing  wells  to  their  neighboring  pixel  wells. 

One  example  of  such  a  structure  is  a  one-dimensional  four-phase  CCD,  as  shown  in 
Figure  5-1.  The  phase-1  wells  serve  as  pixel  wells,  the  phase-3  wells  as  mixing  wells,  and 
the  phase-2  and  phase-4  wells  as  transfer  wells.  Figure  5-2  shows  the  clocking  technique  that 
can  be  used  to  generate  Gaussian  convolution.  In  an  ideal  case,  the  mixing  wells  would 
have  infinitesimal  areas  and  the  number  of  mixing  cycles  would  approach  infinity.  The  prod¬ 
uct  of  the  mixing  fraction  and  the  number  of  mixing  cycles  would  determine  the  width  of 
the  Gaussian  function  generated.  In  practice  the  area  of  the  mixing  well  can  be  large  and 
the  number  of  mixing  cycles  small.  A  set  of  Gaussian  kernel  functions  with  discrete  width 
parameters  can  be  generated  corresponding  to  the  integral  numbers  of  mixing  cycles  (includ¬ 
ing  zero). 

The  results  reported  here  were  obtained  using  a  standard  four-phase  CCD  in  which  the 
mixing  wells  and  pixel  wells  have  the  same  area.  Figure  5-3  shows  the  expected  evolution 
of  a  single,  unit-intensity  pixel  through  two  mixing  cycles.  After  each  cycle  the  charge  dis¬ 
tribution  represents  a  binomial  approximation  to  a  Gaussian  function  of  a  specific  width. 

For  an  arbitrary  initial  distribution  of  charge  packets,  the  result  is  the  convolution  of  that 
distribution  with  the  Gaussian  kernel  function. 

Figure  5-4  shows  photographs  of  the  output  from  a  32-stage  CCD  containing  an  initial 
charge  pattern  of  eight  full  wells  after  various  numbers  of  mixing  cycles  from  0  to  16.  The 
sizes  of  the  charge  packets  were  measured  from  the  photographs  and  compared  to  the 
results  expected;  the  agreement  was  well  within  the  measurement  accuracy.  Table  5-1  shows 
a  comparison  between  the  values  measured  from  the  original  photographs  in  Figure  5-4,  the 
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TABLE  5-1 


Comparisons  for  1 ,  2,  4,  and  8  Mixing  Cycles 
of  the  Charge  Packet  Values  Measured,  the  Values  Expected 
for  an  Idealized  CCD.  and  the  Values 
for  True  Gaussian  Convolution 


1  Mixing  Cycle 

2  Mixing  Cycles 

Measured 

Expected 

True 

Measured 

Expected 

True 

0.75 

0.750 

0.760 

0.95 

0.937 

0.933 

0.25 

0.250 

0.260 

0.70 

0.687 

0.691 

0.30 

0.312 

0.309 

0.08 

0.062 

0.067 

8  Mixing  Cycles 

Measured 

Expected 

True 

0.98 

0.951 

0.948 

4  Mixing  Cycles 

0.91 

0.893 

0.891 

Measured 

Expected 

True 

0.80 

0.772 

0.773 

0.97 

0.965 

0.961 

0.61 

0.598 

0.599 

0.89 

0.855 

0.856 

0.39 

0.402 

0.401 

0.65 

0.637 

0.638 

0.22 

0.227 

0.227 

0.35 

0.363 

0.363 

0.12 

0.105 

0.106 

0.18 

0.145 

0.144 

0.04 

0.038 

0.040 

0.03 

0.035 

0.039 
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DESIGN  PARAMETERS 


DISPERSION 
BANDWIDTH 
WEIGHTING 
INSERTION  LOSS 


37.5  ns 
2322  MHz 
HAMMING 
10  dB 


FREQUENCY  (GHz) 


Figure  5-6.  Insertion  loss  vs  frequency  of  a  Hamming-weighted  superconductive  chirp  filter. 


expected  values,  and  the  values  of  a  true  Gaussian  function  for  several  mixing  cycles.  The 
expected  approximation  to  a  Gaussian  function  is  extremely  accurate  after  only  a  few  mix¬ 
ing  cycles.  The  measured  and  expected  values  have  an  rms  deviation  that  corresponds  to 
about  0.1  mm  on  the  original  photographs. 

A  future  report  will  describe  experiments  now  under  way  to  produce  two-dimensional 
Gaussian  convolution  of  an  image  in  a  576-  X  384-pixel  CCD  area  imager  of  conventional 
design.  Although  this  CCD  has  the  serial-parallel-serial  structure  that  uses  only  one¬ 
dimensional  charge  transfers  in  the  main  array,  the  complete  two-dimensional  Gaussian  con¬ 
volution  can  be  performed  within  the  imager  in  a  fraction  of  the  time  required  to  clock  the 
image  out  of  the  CCD.  In  a  CCD  area  imager  with  two-dimensional  charge  transfer  struc¬ 
tures,  the  Gaussian  convolution  could  be  carried  out  in  a  few  hundred  microseconds  or  less. 

J.P.  Sage 


5.2  SUPERCONDUCTIVE  PULSE  COMPRESSOR 

Multigigahertz-bandwidth  analog-signal-processing  devices  in  the  form  of  superconductive 
tapped  electromagnetic  delay  lines  have  been  realized,2  pulse  compression  over  a  limited  (800 
MHz)  bandwidth  has  been  demonstrated,3  and  trade-offs  in  the  choice  of  dielectric  substrates 
have  been  analyzed.4-5  Recently,  the  performance  of  an  unweighted  chirp  filter  with  35-ns 
dispersion  and  2.6-GHz  bandwidth  was  discussed.6  Here  the  performance  of  a  matched  pair 
of  amplitude-weighted  chirp  filters  in  a  pulse-compression  system  is  described. 

The  tapped-delay-line  structure  consists  of  a  cascade  of  backward-wave  couplers,  as  de¬ 
scribed  previously.6  Fabrication  of  these  devices  is  as  reported  earlier,6  except  that  the 
superconducting  niobium  thin  films  are  deposited  on  silicon,  rather  than  sapphire,  substrates. 
Silicon  was  chosen  because  it  is  a  low-loss  and  isotropic  dielectric  at  low  temperatures.4 
Both  chirp  Filters  are  designed  to  have  37.5  ns  of  dispersion  and  a  2.3-GHz  bandwidth  (cen¬ 
tered  on  4  GHz)  for  a  time-bandwidth  product  of  87.  The  strength  of  the  backward-wave 
couplers  is  varied  along  the  length  of  the  devices  to  amplitude-weight  the  filter  responses. 
One  filter  is  designed  to  have  a  flat  10-dB  insertion  loss  across  the  design  bandwidth,  while 
the  other  is  weighted  for  a  Hamming7  response  with  a  10-dB  insertion  loss  at  center 
frequency. 

With  the  use  of  an  automatic  network  analyzer,  the  CW  phase  and  amplitude  responses 
of  the  two  filters  were  obtained  from  2  to  6  GHz.  The  measured  and  predicted  amplitude 
responses  of  the  Hamming-weighted  device  are  shown  in  Figure  5-5.  The  predictions  were 
made  with  the  first-principles  theory  used  to  design  the  device  and  are  based  on  the  physi¬ 
cal  design  parameters  of  the  device.  Agreement  between  theory  and  experiment  is  excellent, 
although  the  device  exhibits  2  or  3  dB  more  loss  than  predicted.  Half  of  this  loss  is  actu¬ 
ally  in  the  cryogenic  probe,  and  the  remainder  could  result  from  silicon  substrates  which  are 
slightly  thinner  than  the  design  value.  Figure  5-6  shows  the  deviation  of  the  measured  phase 
from  the  best-fit  quadratic.  This  best-fit  quadratic  implies  a  chirp  slope  within  0.5  percent  of 
design.  The  remaining  error  has  a  rms  value  of  9.4°  which,  although  much  larger  than  the 
predicted  error,  is  acceptable. 
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The  predicted  and  measured  amplitude  responses  of  the  flat-weighted  filter  are  shown  in 
Figure  5-7.  Again,  agreement  is  excellent,  even  to  the  Fresnel  ripple,  which  is  strongest  at 
the  band  edges.  The  test  fixture  accounts  for  most  of  the  excess  insertion  loss.  There  is  a 
slight  upward  shift  in  frequency  of  the  device  pass  band.  This  is  a  result  of  a  decrease  in 
effective  dielectric  constant  caused  by  a  void  between  the  two  silicon  wafers  of  the  stripline 
structure.  The  measured  phase  shown  in  Figure  5-8  is,  except  for  this  frequency  shift,  in 
close  agreement  with  theory.  The  best-fit  quadratic  implies  a  chirp  slope  almost  7  percent 
greater  than  the  design  value;  this  is  also  a  consequence  of  the  lowered  dielectric  constant. 
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Using  a  10- V  video  impulse  of  135-ps  width  as  input,  the  expanded  up-chirp  response 
of  the  Hamming-weighted  filter  was  obtained.  This  was  then  applied  directly  to  the  down- 
chirp  terminal  pair  of  the  flat-weighted  filter.  The  resulting  compressed-pulse  response  is 
shown  in  Figure  5-9(a).  This  pulse  has  a  4-dB  full  width  of  0.7  ns,  consistent  with  the  2.3- 
GHz  bandwidth  and  Hamming  weighting.  Side  lobes  with  a  relative  level  of  about  -25  dB 
are  evident  in  Figure  5-9(b).  The  predicted  side  lobe  level  of  this  device  pair  is  -37  dB  and 
should  be  reached  by  eliminating  voids  between  the  substrates  and  the  variations  in  substrate 
thickness.  The  ideal  -42-dB  Hamming  side  lobes  require  a  design  with  higher  insertion  loss 
or  with  phase  predistortion8  to  compensate  for  the  effects  of  strong  tapping  and  the  conse¬ 
quent  input  wave  depletion. 

In  summary,  pulse  compression  over  a  2.3-GHz  bandwidth  has  been  demonstrated  with 
a  matched  pair  of  superconductive  chirp  filters.  Device  performance  is  respectable  and  devia¬ 
tions  from  ideal  are  understood;  further  performance  improvements  should  follow  from 
refinements  in  the  mechanical  aspects  of  device  fabrication. 

R.S.  Withers 


Figure  l-l.  (a)  Compraaaad  ptilaa  roaponao  of  mate  had  flat-  and  Hamming-woightad  auparconductive 
chirp  Mtara  and  (b)  earn#  with  20  dB  more  gain. 
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